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SUMMARY 
An experimental investigation was conducted to evaluate the wear, f r ic t ion ,  
and temperature characteristics of a i rc raf t  t i re  t reads  fabr ica ted  from differ-  
ent elastomers. Braking and cornering tests were performed on size 22  X 5.5, 
type V I 1  a i rcraf t  t i res  re t readed w i t h  currently employed and experimental 
elastomers. The braking tests consisted of gearing the t ire to a driving wheel 
of a ground vehicle to provide operations a t  f i xed  s l ip  r a t io s  on dry surfaces 
of  smooth  and coarse asphalt and concrete. The cornering tests involved freely 
rol l ing the t i re  a t  f ixed yaw angles of O0 t o  24O on the dry smooth asphalt 
surface. The resul ts  show that the cumulative tread wear varies l inearly w i t h  
dis tance t raveled at  a l l  s l ip  ra t ios  and yaw angles. The  wear rate increases 
w i t h  increasing s l ip  ra t io  during braking and increasing yaw angle during cor- 
nering. The extent of  wear i n  either operational mode is influenced by the 
character of the runway surface. O f  the four tread elastomers investigated, 
100-percent natural rubber was shown to  be the least  wear res is tant  and the 
state-of-the-art elastomer, comprised of a 75/25 polyblend of cis-polyisoprene 
and cis-polybutadiene, proved most res is tant  to  wear. The resul ts  a lso show 
that the tread surface temperature and the fr ic t ion coeff ic ient  developed during 
braking and cornering is independent of the tread elastomer. A comparison of 
tire-tread data obtained during the cornering tests w i t h  those from the braking 
t e s t s ,  on the basis of equivalent slip velocities, suggests that the amount  of 
tread wear is comparable b u t  f r ic t ion  and surface temperatures are greater dur- 
ing braking operations. The difference is a t t r ibu ted  to  the  t i re  being sof ter  
i n  the  la teral  direct ion which would tend to  reduce the relative slippage 
between the t i r e  and the pavement  and therefore provide a lower e f fec t ive  s l ip  
r a t i o  i n  cornering. 
INTRODUCTION 
Tire replacement is of major economic concern to the aviation industry. 
The reasons for t i r e  replacement include cutting, which i s  generally attr ibuted 
to  character is t ics  of the runway surface and to the presence of foreign objects; 
tearing and chunking, where s t r i p s  or chunks of rubber are separated from the 
t i r e ;  and tread wear, which resu l t s  from braking, yawed rol l ing maneuvers, and 
wheel spin-up a t  touchdown. The primary  reason is tread wear, par t icular ly  
that  due to the braking and  yawed rolling required during the landing roll-out 
and taxi  phases of the normal ground operations of an airplane. I n  view  of the 
economic and inherent safety considerations, NASA undertook a program i n  the 
early 1970 's  to  examine the effects of t i re  t read  wear attr ibuted to the vari-  
ous ground operations of an airplane. Reference 1 presents the results from 
the  in i t i a l  study which explored the wear  and related character is t ics  of f r ic -  
tion and tread surface temperatures for an a i r c r a f t  t i r e  during braking. The 
purpose of the investigation reported i n  t h i s  paper is t o  extend t h a t  i n i t i a l  
study (ref. 1) to include (1) different tread materials w i t h  known elastomeric 
composition, (2) different  runway surfaces, (3)  more complete temperature 
coverage both on  and beneath the tread surface, ( 4 )  higher s l i p  r a t i o s  i n  the 
I "  
braking mode, and (5) operations i n  the yawed rol l ing mode.  The t i r e s  fo r  t h i s  
study were s ize  22 x 5.5, type VI1 aircraf t  t i res  re t readed wi th  both currently 
employed  and experimental elastomers. The experimental elastomers are part of 
a program being conducted by the Chemical Research Projects Office at the NASA 
Ames Research Center t o  seek new elastomeric materials which would provide 
improved t i re  t read wear, traction, and blowout resistance. T h i s  program  and 
some  of the early test  results are discussed i n  reference 2. 
SYMBOLS 
Values are given i n  both S I  and U.S .  Customary U n i t s .  The measurements 
and calculations were made i n  U.S. Customary U n i t s .  
Nb number of revolutions of braked wheel over a measured distance 
NO number  of revolutions of free-rolling  (unbraked) myawed wheel Over 
a measured distance 
R S  s l i p   r a t i o  
% 
V t  t ire  circumferential   velocity 
t e s t  speed of ground vehicle 
vr,b  resultant s l i p  velocity of a braked, unyawed t i r e  
Vr 19 
9 yaw angle 
resul tant  s l ip  veloci ty  of a free-rolling yawed t i r e  
APPARATUS AND TEST PROCEDURE: 
Tires 
The t i r e s  of t h i s  investigation were s ize  22 x 5 . 5 ,  12-ply  rating, 
type V I I ,  a i r c r a f t  t i r e s  which were retreaded w i t h  stocks which used the 
four different elastomers defined i n  the following table: 
Elas  t- Canposi t ion  
A- [ 100%  natural  rubber .. 
B 75%  rubber  (85%  natural ,   15%  synthetic)  
25%  c i s -po lybutad iene  
C 75%  natural  rubber 
25% v iny l  po lybutad iene  
D 75%  natural  rubber 
25%  trans  polypentenemer 
- 
2 
. 
Elastomer A was s e l e c t e d  f o r  t e s t i n g  b e c a u s e  n a t u r a l  r u b b e r  h a s  b e e n  c o n s i d e r e d  
t h e  elastomer t h a t  would b e s t  s a t i s f y  t h e  t i r e  requi rements  for supe r son ic  
t r anspor t - type  a i r c ra f t .  S ta t e -o f - the -a r t  treads for j e t  t r a n s p o r t s  are typ i -  
ca l ly  compr ised  of a 75/25 polyblend of c i s -po ly i soprene ,  either as n a t u r a l  
rubber  or " syn the t i c "   na tu ra l   rubbe r ,   and   c i s -po lybu tad iene .  One such tread 
s t o c k ,  i n  an  op t imized  fo rmula t ion  deve loped  to s a t i s f y  v a r i o u s  a i r l i n e  carrier 
requi rements ,  is i d e n t i f i e d  i n  t h e  t a b l e  as elastomer B. Elastomers C and D 
were expe r imen ta l  and  the  fo rmula t ion  o f  t he  tread s t o c k  f rom those materials 
was not   op t imized .  A l l  r e t r e a d s  were c u r e d  i n  t he  same mold: t h u s ,  a l l  t i r e s  
h a d  a n  i d e n t i c a l  t r e a d  p a t t e r n  o f  three c i r c u m f e r e n t i a l  g r o o v e s .  D u r i n g  t h e  
r e t r e a d i n g  process, h a l f  of t h e  t i res  were equipped with two thermocouples 
each, which were i n s t a l l e d  o n  t h e  same shou lde r  o f  t he  carcass b e n e a t h  t h e  
t r e a d .  The purpose   o f   these   thermocouples  was to  m e a s u r e  t h e  h y s t e r e t i c  h e a t -  
i n g  w i t h i n  t h e  carcass of t h e  t i r e  a t  a loca t ion  where  t i r e  f l e x i n g  is g r e a t .  
For a l l  tests, t h e  t i res  were v e r t i c a l l y  l o a d e d  to 17.8 kN (4000 l b )  which was 
t h e  approximate maximum l o a d i n g  a v a i l a b l e  w i t h  t h e  t es t  f i x t u r e  and  somewhat 
below t h e  r a t e d  l o a d i n g  of 31 .6 kN (71 00 l b )  f o r  t h i s  t i r e  s i z e .  The t i r e  
i n f l a t i o n  p r e s s u r e  f o r  a l l  but  one test was reduced from t h e  rated 1620 kPa  
(235 ps i )  to  738 k P a  (107 p s i ) ,  t h e  p r e s s u r e  n e c e s s a r y  t o  produce a 30-percent 
t i r e  d e f l e c t i o n  under t h e  tes t  load ing .  Wear, f r i c t i o n ,  and  temperature data 
were ob ta ined  for each of  t h e  f i x e d - s l i p - r a t i o  c o n d i t i o n s ,  g e n e r a l l y  t h r o u g h -  
o u t  t h e  l i f e  of each t i r e  t r e a d ,  t h a t  is, u n t i l  most of t h e  t r e a d  r u b b e r  was 
removed. I n  s e v e r a l  of t h e s e  tests, one t i r e  w a s  used to  p r o v i d e  d a t a  for 
t w o  test c o n d i t i o n s  b e c a u s e  o f  t h e  l imi t ed  number of a v a i l a b l e  t i res .  
Test Surf   aces  
The  f i x e d - s l i p - r a t i o  tests were conducted on one concrete and t w o  a s p h a l t  
surfaces a t  t h e  NASA Wal lops  F l igh t  Cen te r .  Close-up  photographs of t h e  s u r -  
f a c e s  are p r e s e n t e d  i n  f i g u r e  I .  The s u r f a c e  i d e n t i f i e d  as coarse   asphal t   had  
an  ave rage  t ex tu re  dep th  o f  0.39 mm (0.0152 in.)  as measured by t h e  g r e a s e  
t echn ique   desc r ibed   i n   r e f e rence   3 .  The t e x t u r e   d e p t h  of t h e  smooth a s p h a l t  
averaged  0.27 mm (0.01 04 i n . )  . The c o n c r e t e  had t h e  lowest a v e r a g e  t e x t u r e  
depth (0.24 mm (0 .009   i n . ) )   bu t  had a v e r y   a b r a s i v e   s a n d p a p e r l i k e   s u r f a c e .  A l l  
t i r e  yaw tests were conducted  only  on  the  smooth  asphal t .  Bo th  t h e  f i x e d - s l i p  
r a t io  and  the  yaw tests were performed w i t h  t h e  s u r f a c e s  d r y .  
Ground Tes t  Vehic le  and  Ins t rumenta t ion  
F i g u r e  2 is a photograph of the powered ground test v e h i c l e  employed i n  
t h i s  i n v e s t i g a t i o n  a n d  f i g u r e  3 shows t h e  wheel test f i x t u r e  i n  t h e  f i x e d -  
s l ip-rat io  mode. F i g u r e  4 is a close-up of the   ins t rumented   wheel  test f i x t u r e  
i n  t h e  yaw test o p e r a t i o n a l  mode. Also i d e n t i f i e d  i n  f i g u r e s  3 and 4 are t h e  
key  components to each test o p e r a t i o n .  Vertical load was a p p l i e d  to t h e  t i r e  
by  means  of t w o  p n e u m a t i c  c y l i n d e r s  a n d  t h i s  l o a d ,  t o g e t h e r  w i t h  t h e  d r a g  a n d  
s i d e  loads on t h e  t i r e ,  was measured  by s t r a i n  g a g e  beams i n  t h e  w h e e l  test 
f i x t u r e .  To provide o p e r a t i o n s  a t  f i x e d  s l i p  ra t ios ,  t h e  test t i r e  was d r i v e n  
through a un ive r sa l  coup l ing  by i n t e r c h a n g e a b l e  g e a r s ,  w h i c h  i n  t u r n  were chain-  
d r i v e n  by a d r iv ing  whee l  on  the  veh ic l e .  Chang ing  the  s l i p  ra t io  e n t a i l e d  
mere ly  r ep lac ing  and  pos i t i on ing  t h e  gea r  a t  the  d r iv ing  end  o f  t h e  u n i v e r s a l  
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coupling. T h i s  technique  for  changing s l i p  r a t i o  proved to  be far superior to 
that employed i n  reference 1 for similar tests. For the yaw tests ,  the  univer- 
s a l  coupling was disconnected and, as shown i n  figure 4 ,  t h e  ent i re  f ixture  
rotated and clamped at the preselected yaw angle. . During the fixed-slip-ratio 
t e s t s  on t i r e s  w i t h  elastomers C and D l  and during a l l  yaw t e s t s ,  an optical  
pyrometer (shown i n  f ig .  4 b u t  removed i n  fig. 3) was  mounted  on the fixture 
i n  a position to monitor tread temperature a f t e r  t he  t i r e  had rotated approxi- 
mately 3/8  of a revolution out of the footprint. T h i s  location of the pyrometer 
was necessary to avoid contaminating the sensor element. The output from the 
pyrometer and those from the two tire-carcass theromocouples, as collected 
through s l ip  r ings,  were recorded on  an oscillograph mounted i n  the vehicle 
driving compartment. The instrumented t r a i l i ng  wheel, seen i n  a l l  photographs 
of the vehicle and identified i n  figures 3 and 4 ,  provided an accurate measure- 
ment  of vehicle speed and distance, and a cam-operated microswitch transmitted 
a signal for each t e s t  wheel revolution to the oscillograph as well as to a 
visual counter. 
Test Technique 
The testing technique involved driving the ground vehicle at  a speed of 
32 km/hr (20  mph) over a known distance w i t h  t he  t e s t  t i r e  d r iven  a t  a fixed 
s l i p  r a t i o  or f reely rol l ing at  a fixed yaw angle, depending upon the tes t  
operational mode, while the number of t e s t  wheel revolutions, the tread wear, 
the various t ire loadings,  and t i re  t read  and carcass temperatures were  moni- 
tored. Tread wear  was obtained by weighing the  t i r e  and wheel assembly prior 
to testing and at  f requent  intervals  during the t i re  tes t  l i fe .  Since the vehi- 
c l e  had to be stopped and t h e  t i r e  and wheel assembly removed for weighing, a 
number of passes over a known distance were  made  on each surface between weigh- 
i n g s .  I n  general, the pass lengths were s e t  a t  305 m (1000 f t )  , b u t  a t  the  high 
s l ip  r a t io s  and the large yaw angles, where the  t i r e  wear rates were high, these 
lengths were necessarily reduced to ,  i n  some cases, as low as 152 m (500 f t )  and 
t h e  t i r e  was weighed following each pass. A t  other conditions where the tread 
wear  was s l igh t ,  numerous passes were  made between weighings. Several free- 
rol l ing tes ts  were also conducted on  unyawed t i res  a t  d i s tances  up to  5 km 
(3.1 miles) to better understand the temperature buildup i n  the t i re  carcass .  
During a typical test  run, either at  one s l i p  r a t i o  or a t  one yaw angle, 
t he  t i r e  was f i r s t  lawered to the surface and loaded to  17.8 kN (4000 l b )  while 
the vehicle remained stationary. The vehicle was then  driven a t  32 km/hr 
(20 mph) over the fixed distance, w i t h  the acceleration and deceleration phases 
as brief as possible. During the pass an oscillograph recorded the vehicle 
speed and distance,  the test  wheel revolutions , the outputs from the load beams , 
and, when available, the response of the two thermocouples and the optical  
pyrometer.  Figure 5 is a reproduction of a typical oscillograph record taken 
during a t e s t  a t  a f ixed s l ip  ra t io  and figure 6 is typical of those taken dur- 
ing yaw t e s t s  of a f reely rol l ing t i re .  A t  the conclusion of the pass, the 
vertical load on t h e  t i r e  was removed, t h e  t i r e  was raised from the surface, 
and the vehicle was realined for another pass. If a tire-wear data point was 
desired the t i re  and wheel assembly was  removed and weighed a t  t h i s  time and 
then reinstalled for additional passes. Testing of a t i r e  was concluded when 
most  of the tread rubber had been  removed. Because of the limited number of 
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a v a i l a b l e  tires, each t i re  i n  t h e  yaw tests was used to o b t a i n  d a t a  a t  two 
a n g l e s ,  a n d  i n  t h e  f i x e d - s l i p - r a t i o  tests a t i r e  was run a t  t w o  s l i p  ra t ios  
whenever  possible.  
B e f o r e  a n d  a f t e r  e a c h  d i s c r e t e  f i x e d - s l i p - r a t i o  test, t h e  d r i v i n g  g e a r  
was disengaged and the t es t  t i re ,  w h i l e  f u l l y  l o a d e d ,  was d r i v e n  o v e r  t h e  p a s s  
l e n g t h  i n  t h e  f r e e - r o l l i n g  or unbraked s ta te  and  the  number of  wheel  revolu t ions  
recorded.  A knowledge  of  the  braked  and  unbraked  wheel  revolutions was neces- 
s a r y  to d e f i n e  t h e  test s l i p  ra t io  of  the  braked  t i re .  S i m i l a r l y ,  to o b t a i n  a n  
e q u i v a l e n t  b r a k i n g  s l i p  r a t io  d u r i n g  t h e  yaw tests, t h e  t i r e  was f r e e l y  r o l l e d  
a t  ze ro  yaw a n g l e  p r i o r  to and fol lowing each yaw test. 
RESULTS AND DISCUSSION 
Genera l  
Data f r o m  t h e  f i x e d  s l i p - r a t i o  tests inc luded  a r e v o l u t i o n  c o u n t  of t h e  
f r e e l y  r o l l i n g  and gear-driven test wheel  over  the  pass  d is tance ,  t i r e  weights  
a t  v a r i o u s  d i s t a n c e  i n t e r v a l s ,  and time h i s t o r i e s  o f  t h e  v e r t i c a l  and drag 
t i r e  load ings  p lus  the  ou tpu t  f rom the  va r ious  t empera tu re  senso r s ,  when a v a i l -  
able .   These data d e f i n e d   t h e  t es t  s l i p  ra t io ,  t h e  tire-tread wear ra te ,  t h e  
d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t ,  t h e  a p p r o x i m a t e  t r e a d  surface t empera tu re ,  
and the temperature of t h e  t i r e  carcass b e n e a t h  t h e  t r e a d  i n  t h e  s h o u l d e r  area. 
The tes t  s l i p  r a t i o  was computed  from t h e  r e l a t i o n s h i p  
No - Nb 
S l i p  r a t io  = 
NO 
where No and Nb are t h e  number of  unbraked  (free-roll ing)  and  braked t e s t  
wheel  revolu t ions ,  respec t ive ly ,  over  the  same d i s t ance  on  the  test  s u r f a c e .  
The t i re  t r e a d  wear was determined from t he  cumula t ive  loss i n  t i r e  weight as 
a f u n c t i o n  o f  d i s t a n c e .  The d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  was d e f i n e d  as t h e  
ra t io  of  the measured drag load to t h e  a p p l i e d  v e r t i c a l  l o a d .  
S i m i l a r  d a t a ,  t o g e t h e r  w i t h  t h e  side load ing  on  the  t i r e ,  were c o l l e c t e d  
d u r i n g   t h e  yaw tests. T h i s   s i d e   l o a d i n g   ( p e r p e n d i c u l a r  to the   wheel   p lane)  was 
conver ted  to a side-force f r i c t i o n  c o e f f i c i e n t  by d i v i d i n g  it by t h e  a p p l i e d  
v e r t i c a l  l o a d  a n d ,  s u b s e q u e n t l y ,  when combined  wi th  the  d rag - fo rce  f r i c t ion  
coe f f i c i en t  measu red  parallel  to the  wheel  p lane ,  w a s  t r i g o n o m e t r i c a l l y  t r a n s -  
formed i n t o  c o r n e r i n g  a n d  d r a g  f r i c t i o n  c o e f f i c i e n t s ,  p e r p e n d i c u l a r  and p a r a l l e l  
t o  t h e  v e h i c l e  d i r e c t i o n  of mot ion ,   r e spec t ive ly .  The t i re  loadings ,   revolu-  
t i on  coun t ,  and ,  when a v a i l a b l e ,  t e m p e r a t u r e s  were moni tored  dur ing  every  pass  
t o g e t h e r  w i t h  t h e  test  veh ic l e  speed  and  d i s t ance .  F igu re  5 is a typical oscil- 
lograph  record  of  a p a s s  w i t h  t h e  t i re  o p e r a t i n g  i n  t h e  f i x e d - s l i p - r a t i o  mode 
a n d  f i g u r e  6 is t y p i c a l  o f  t h e  yawed  mode.  The o s c i l l a t i o n s  n o t e d  i n  t h e  f o r c e -  
gage  responses  of  these  f igures  are a t t r i b u t e d  t o  sur face  unevenness ,  to mot ions  
i n  t h e  v e h i c l e  and  wheel test f i x t u r e ,  and to t h e  t i r e  elastic behavior .   These 
o s c i l l a t i o n s  occurred a b o u t  f a i r e d  l e v e l s  w h i c h  were observed  t o  reach essen-  
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tially constant values throughout each pass. The fr ic t ion coeff ic ients  for  a 
pass were  computed by dividing the faired drag and/or side load by the faired 
ver t ica l  load. Figures 5 and 6 a l so  i l l u s t r a t e  how, during the course of a 
pass, the tire-tread surface temperature generally increased to some  maximum 
level  which  was essent ia l ly  maintained for the remainder of the constant-speed 
portion of the pass. T h i s  level  is referred to as the maximum tread temperature 
i n  the discussions to follow. I t  is readily apparent from the  time his tor ies  
that the tire-carcass temperature continues to increase w i t h  distance traveled. 
Since no equilibrium or quasi-static carcass temperature is reached during a 
pass, the actual measured temperatures from s t a r t  t o  completion of each pass 
are presented. Temperature data from j u s t  one thermocouple are presented since 
only slight differences were ever noted between the temperature levels of the 
two transducers. 
Fixed-Slip-Ratio Tests 
Data which typify the results from t i res  operat ing at  f ixed s l ip  ra t ios  are  
presented i n  figure 7 for  three s l ip  ra t ios ,  where the  t i r e  wear, steady-state 
drag-force friction coefficient, maximum tread temperature, and carcass tempera- 
ture are plotted as a function of distance traveled. These particular data are 
for  t i res  w i t h  elastomer C i n  their tread and the testing was performed on a 
smooth asphalt surface. Tire wear  was obtained fram weighings at  distance 
intervals commensurate w i t h  the wear ra te ;  hence, the number of passes between 
weighings and the actual pass lengths decreased w i t h  increasing s l ip  ra t io .  The 
friction coefficient as well as tread and carcass temperatures were obtained 
from the oscillograph records during every pass, and values of the fr ic t ion 
coefficient and the maximum tire-tread temperatures are plotted at distances 
which represent the midpoint of each pass ( f i g .  7 ) .  The actual carcass tempera- 
tures are plotted as measured during each pass since no equilibrium value was 
reached. The data of figure 7 i l lustrate the l inear relationship between t i r e  
wear  and the traversed distance, and also show that  over a given distance the 
wear increases w i t h  increasing slip ratio.  The nonlinearity noted a t  a s l i p  
r a t i o  of 0.396 can be explained by tread chunking which was observed w i t h  that  
particular combination of t ire,  surface,  and s l ip  r a t io .  
Figure 7 a l so  shows that, for the slip ratios considered, the drag-force 
friction coefficient increases w i t h  increasing s l ip  ra t io .  However, it is 
shown later  that  the fr ic t ion level  a t  a s l i p  r a t i o  of 0.396 is s l igh t ly  less  
than the maximum which was developed a t  a somewhat lower s l i p  r a t io .  A l s o ,  the 
friction coefficient remains essentially constant w i t h  distance during opera- 
t ions at  a given s l i p  r a t i o ,  although it appears to increase s l i g h t l y ,  particu- 
l a r l y  a t  the  higher s l i p  r a t io s .  Both the magnitude of the maximum tread tem- 
perature and the rate of temperature r i s e  i n  the tire carcass increase w i t h  
increasing s l ip  ra t io  ( f i g .  7 )  . 
The following paragraphs examine i n  some detai l  the effects  of s l i p  r a t i o  
on tread wear, drag-force friction coefficient, and maximum tire-tread surface 
temperature for the four tire-tread elastamers operating on the three tes t  
surfaces (figs. 8 t o  11). A l s o  included is a discussion of the resu l t s  from 
separate studies to examine the temperature buildup i n  the tire carcass during 
fixed-slip-ratio and free-rolling operations (figs. 1 2  and 13). 
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Tread wear .- Wear data from t i r e s  equipped w i t h  treads made from the four 
elastamers operating on the three test surfaces are summarized i n  figure 8. 
T h i s  f igure relates the t ire-wear rate to sl ip ratio,  where the rate is defined 
by the slope of the wear/distance curves such as those presented on the bottom 
of figure 7. The data from al l  three surfaces  c lear ly  indicate  that  the 
100-percent natural rubber tread (elastomer A) is the least  wear res is tant  of 
t h e  four elastomers and the state-of-the-art tread (elastomer B) is the most 
wear res is tant .  Treads fabricated from the two experimental  elastomers had 
similar wear character is t ics  that  approached those of t h e  state-of-the-art 
tread. I t  is apparent from figure 8 that the tire-wear rate is influenced by 
the nature, or texture, of the surface. The lower plot of figure 1 0  better 
i l l u s t r a t e s  t h i s  surface effect. The data of figure 1 0  are for treads w i t h  
elastomer A and are typical of a l l  t reads  examined i n  terms of the relative dif-  
ference between the wear ra tes  on the different surfaces. Tire wear  on the 
smooth asphalt is s igni f icant ly  less  than that on the coarse asphalt or concrete 
surfaces,  particularly at  the high s l ip  r a t io s .  Wear  on the  la t te r  two h i g h l y  
textured surfaces is quite similar.  The wide difference i n  the wear ra tes  
associated w i t h  the two asphalt test surfaces, as noted i n  the data of figures 8 
and 10, serves to validate the observation made i n  reference 1 that surface tex- 
ture  is a major factor i n  tire-tread wear. 
Friction.- The variation of drag-force friction coefficient w i t h  s l i p   r a t i o  
for the different combinations of tire-tread elastomers and surfaces is pre- 
sented i n  figure 9 .  Each plotted value of friction coefficient represents the 
average of that  measured over t h e  l i f e  of the tread at each s l i p  r a t i o .  The 
figure shows that the developed f r ic t ion  is essentially independent of the elas- 
tomer since one curve appears to fair  all  the data gathered from each surface 
over the s l ip-rat io  tes t  range. The effect  of test  surface on f r ic t ion  can be 
obtained by comparing the three sets of data i n  figure 9 or by examining the 
upper plot of figure 1 0  which presents all  the friction data collected from 
t i r e s  equipped w i t h  elastomer A during fixed-slip-ratio operations. As has 
been noted i n  other references (e.g., refs. 1 and 3 ) ,  the friction coefficient 
is generally insensitive to the character of the runway surface when dry. 
The magnitude of the maximum fr ic t ion coeff ic ient  developed under t h e  
conditions of these tests is approximately 0.8, which is i n  good agreement 
w i t h  the value of 0.81, predicted from the empirical expression developed i n  
reference 4 a t  very low ground speeds. However,  when  compared w i t h  the f r ic-  
tion data of reference 1 ,  which reports on s imilar  tes ts  on the same s ize  of 
a i rc raf t  t i re ,  there  is a difference i n  t he  s l i p  r a t io  a t  which the maximum 
fr ic t ion coeff ic ient  is developed. Maximum f r ic t ion  i n  reference 1 occurred 
a t  a s l i p  r a t i o  of approximately 0.18, whereas i n  the current tests the maximum 
occurred a t  s l i p  r a t i o s  i n  the 0.30 t o  0.40 range. The explanation for t h i s  
difference could be the lower inflation pressure (738 versus 827  kPa (107 psi  
versus 120 p s i )  ) and higher ply rating (1 2 versus 8) of the  t i res  i n  these 
t e s t s .  
Temperatures.- Diff icul t ies  ear ly  i n  the program w i t h  a variety of opt ical  
pyrometers limited measurements of the tire-tread temperatures to only tires 
equipped wi th  elastomers C and D ,  t h e  experimental elastomers, i n  the fixed- 
s l ip-rat io  phase of t h i s  program. The  maximum approximate tread surface temper- 
atures reached by these  t i res  on the three test surfaces are presented i n  fig- 
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ure 11. These temperatures are the  average of those recorded during each pass 
over t h e  l i f e  of the tread at a fixed slip ratio. Figure 11 shows that the 
tread temperature is insensitive to the elastomer and that the temperatures 
generated during operations on concrete are less than those generated on 
asphal t  a t  t h e  same slip ratio.  Similar trends were observed i n  reference 1 
and explained on the basis of thermal conductivity. The conductivity of asphalt 
is less  than that  of concrete; therefore, more heat is dissipated to the con- 
crete  which resu l t s  i n  a cooler t i re  t read .  I t  is interesting to note that the 
temperatures of figure 11 a re  s l i gh t ly  higher than the temperatures recorded a t  
the same s l i p  r a t i o  i n  reference 1 .  The difference i n  the inflation pressures 
and ply ratings of the two se t s  of t i r e s  is again offered as an explanation. 
I t  is readily apparent from the sample oscillograph record of figure 5 
and the typical results of figure 7 that the temperature i n  the t i re  carcass ,  
beneath the tread i n  the shoulder area, does not reach equilibrium during the 
course of a  pass. Thus,  it is meaningless to assign a carcass temperature value 
to each pass.  Figure 7 does suggest however, that  the rate  of temperature 
buildup i n  the carcass varies w i t h  s l i p  r a t i o  and, as noted i n  the data at a 
s l i p  r a t i o  of 0.187, the rate of that buildup appears to increase w i t h  subse- 
quent  passes.  Figure 1 2  was prepared to  better  i l lustrate  these  points.  I n  
t h i s  figure, the measured temperature increase per u n i t  distance traveled is 
plotted as a function of s l i p  r a t i o  f o r  t i r e s  equipped w i t h  elastomer C operat- 
ing on the smooth asphalt surface. Each data point is identified w i t h  a number 
that corresponds to the pass number a t  each s l i p  r a t i o .  The data are bounded 
by two curves. The lower curve fairs the first-pass values and is labeled "new 
tread," and the upper curve fairs the last-pass values, where  most or a l l  of the 
tread rubber had been  removed,  and is labeled "worn tread." Very l i t t l e  t r e a d  
was  removed as a result  of eight passes at the lowest slip ratio identified i n  
t h i s  figure. Figure 1 2  shows that  the rate  of temperature buildup i n  the car- 
cass increases w i t h  increasing s l ip  ra t io ,  and further, that the rate increases 
w i t h  decreasing tread depth. These increases are attributed to greater carcass 
flexing which can be expected t o  occur a t  higher s l i p  r a t i o s  and to the transfer 
of heat into the carcass from the much hotter tread surface. Transfer of heat 
is perhaps an explanation for the increased rates during subsequent passes at 
one s l ip  ra t io  s ince the dis tance from the embedded thermocouple to  the  hot 
tread surface decreases w i t h  each pass. 
In  view of the limited available experimental data which describe the 
temperatures generated beneath the tread of an aircraf t  t i re ,  several  addi t ional  
t e s t s  were conducted specifically to give a better understanding of tire-carcass 
temperatures. The resul ts  from these  tes t s ,  a l l  performed w i t h  a free-rolling 
unyawed tire, are presented i n  figure 13.  Figure 13(a) shows the effect  of t e s t  
speed on carcass temperature where t i r e s  equipped w i t h  thermocouples were loaded 
to  17.8 kN (4000 l b )  and exposed to three passes approximately 2.5 km (8200  f t )  
long down an active runway a t  th ree  tes t  speeds. The vehicle speed during one 
t e s t  was increased on each subsequent pass w i t h  a relatively long pause for 
runway ava i lab i l i ty  between passes. The speed for the other test  was 84 km/hr 
(52 m p h )  for the f i rs t  pass, 32 km/hr ( 2 0  mph) for the second, and 64  km/hr 
( 4 0  mph) for the t h i r d  w i t h  somewhat shorter pauses between  them. I t  appears 
that at the conclusion of both tes t s  the  t i res  were approaching an equilibrium 
temperature sl ightly greater than 80° C. Figure 13(a) shows that  the rate  of 
carcass temperature rise appears to be a function of t e s t  speed, tending t o  
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increase w i t h  speed, and the temperature differential w i t h  respect to the equi- 
librium temperature. More precisely, the colder the tire at t h e  onset of the 
t e s t ,  t h e  greater the rate s f  temperature r i s e .  I n  an attempt to validate the 
existence of a possible equilibrium temperature under the loading conditions 
of these tes ts ,  one  of the t i res  was subjected to two passes over a 5-km 
(3.1 miles) highway route at a constant speed of 32 km/hr (20  mph) . The car- 
cass temperature recorded during those passes is plotted as a function of d is -  
tance i n  figure 13(b) and, as i n  the  ear l ie r  tes t s ,  it appears as though the 
temperature approaches 83O C as an asymptote which suggests that value as an 
equilibrium temperature under those test conditions. 
Figure 13(c) shows the effect of underinflation on carcass temperature. 
Data are presented for similar passes w i t h  t h e  t i r e  a t  its normal tes t  in f la t ion  
pressure of  738  kPa (107 p s i )  and a t  a pressure of 641 kPa (93 p s i ) .  A s  would 
be expected, because of the increased carcass flexing under the same ver t ical  
load, the underinflated tire experienced higher temperatures and i n  time would 
no doubt reach a somewhat higher equilibrium temperature. 
The f i n d i n g s  from these temperature studies are i n  agreement w i t h  those 
from similar  studies conducted on automotive t i r e s .  (See refs .  5 to  8 for 
examples . ) 
Yaw Tests 
Figure 1 4  presents typical results from the yaw tests for t ires retreaded 
w i t h  elastomer C and operated on smooth asphalt. Tire wear, side-force friction 
coeff ic ient ,  maximum tread temperature, and carcass temperature are plotted as a 
function of distance  traveled  at yaw angles $ of  8O, 12O, and 20°. A s  i n  the 
f ixed-sl ip-rat io  tes ts ,  t i re  wear  was obtained from weighings at  distance inter-  
vals commensurate w i t h  the wear rate: hence the number  of passes between  weigh- 
ings and the actual pass lengths decreased w i t h  increasing yaw angle where the 
wear  was  more pronounced. For the data of figure 1 4 ,  weighings occurred after 
every pass, b u t  the pass length decreased from  305 m ( 1  000 f t )  , a t  J, = 8O 
and 12O, t o  1 5 2  m (500  f t )  a t  J, = 20°. The f r ic t ion  and temperature  data were 
taken from oscillograph records during every pass and values of the side-force 
friction coefficient and maximum tire-tread temperature are plotted i n  the 
figure at  distances which represent the midpoint of each pass. Again, no equi- 
librium carcass temperature was reached: hence the actual temperatures are 
plotted i n  the figure. The data of the figure exemplify  the linear variation 
of t i r e  wear wi th  distance traveled and  show that over a given distance the 
wear increases w i t h  increasing yaw angle. The side-force friction coefficient, 
which is based upon the force developed perpendicular to the wheel plane, 
increases, as expected, w i t h  increasing yaw angle and appears to be rela- 
be observed a t  the highest yaw angle presented. Figure 1 4  a l so  shows that 
the maximum tire-tread temperature increases w i t h  yaw angle b u t  that  the rate  
of temperature buildup i n  the carcass  (a t  least ,  a t  the si te of the installed 
thermocouples) appears to decrease w i t h  yaw. 
-tively constant throughout the test distance, although a s l i g h t  increase can 
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The detailed effects of yaw angle on t i r e  wear, cornering, and drag fric- 
t ion coefficients and the various t i r e  temperatures are discussed i n  the follow- 
ing  paragraphs . 
Tread wear.- The  wear data from the treads of the freely rol l ing t i res  i n  
t h e  yaw tes t s  a re  summarized i n  figure 15 where the wear ra te  i s  plotted as a 
function of the yaw angle. The different  symbols identify the four tread elas- 
tomers examined. As was the  case i n  the fixed-slip-ratio tests,  the current 
state-of-the-art tread,.elastomer B, is the most r e s i s t an t  t o  wear  and the 
natural rubber tread,  elastomer A,  is the l ea s t  wear res is tant .  The  wear r a t e  
of the two experimental elastomers, although better than natural rubber, d id  
not demonstrate the significant improvement noted i n  the fixed-slip-ratio 
t e s t s  ( f ig .  8 ) .  The data of figure 15 depict clearly the increase i n  tire-wear 
ra te  w i t h  increasing yaw angle, despite a cer ta in  amount  of scat ter .  
Friction.- The side-force friction coefficient of figure 1 4  is the  ra t io  
of the side load on the tire, perpendicular to the wheel plane, to the vertical 
load and, as observed i n  the figure, can reach levels at  least  as high as 0.75. 
However, the drag load parallel  to the wheel plane is observed to  be quite small 
i n  the time history of figure 6 and, on the basis of these and other tests,  is 
assumed equal i n  magnitude to the tire rolling resistance regardless of yaw 
angle w i t h i n  the range of the tests reported herein. These t i r e  loadings were 
trigonometrically transformed to the tire cornering force, perpendicular to the 
vehicle motion, and drag force, parallel to the vehicle motion. Both are pre- 
sented i n  coefficient form i n  f igure 1 6 .  As was observed i n  the fixed-slip- 
ra t io  tes ts ,  the  f r ic t ion coeff ic ients  appear to  be independent of the tread 
elastomer since each cornering friction coefficient suggests a peak value of 
approximately 0.65 near a yaw angle of 25O. The drag-force friction coeffi- 
cient,  as  expected, shows a gradual  increase w i t h  yaw angle. By definit ion,  
the drag-force friction coefficient w i l l  reach a maximum value a t  a yaw angle 
of 90° where the cornering-force friction coefficient would reduce to  zero. 
Temperatures.- Figure 1 7  presents the maximum approximate tread surface 
temperatures measured by the optical  pyrometer as  t i res  w i t h  elastomers B ,  C,  
and D were subjected to the range of t e s t  yaw angles. The data suggest that 
the tread temperature is independent of the elastomer as was observed i n  the 
fixed-slip-ratio tests.  The temperature is shown to increase w i t h  increasing 
yaw angle which would be expected since the t i r e  experiences a greater scrub- 
bing action at the higher yaw angles. 
An examination of the carcass temperatures presented i n  f igure 1 4  suggests 
that  the rate  of temperature buildup i n  the carcass is reduced when the yaw 
angle is increased. T h i s  reduction is attributed to the physical location of 
the embedded thermocouples. I n  the test described by figure 1 4 ,  the shoulder 
area housing the thermocouples was not rolled into the footprint when the t i r e  
was  yawed; t h u s  the rate of temperature buildup tended to  decrease as the yaw 
angle was increased. One ser ies  of t e s t s  was conducted where, during yaw, the 
instrumented shoulder of t he  t i r e  was rol led into the footpr int .  For these lat-  
ter  tests,  the rate of temperature rise increased rapidly w i t h  increasing yaw 
angle. I n  e i ther  set  of tes t s ,  no attempt was  made to  es tabl ish an equilibrium 
temperature a t  any yaw angle. 
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Braking and Cornering Relationships 
The purpose of t h i s  section is to  attempt to  re la te  t read  wear, f r i c t ion ,  
and temperature data between an unbraked, yawed t i r e  and a braked, unyawed t i r e .  
To effect  t h i s  relationship, the assumption is made that  these t i re  character is-  
t ics are the direct  result  of the relative sl ip velocity between the  t i r e  and 
the pavement. Thus,  it is assumed tha t  i f  the resultant sl ip velocity is the 
same, whether stemming  from braking or yawing a t i r e ,  the magnitude of these 
t i re  charac te r i s t ics  would be the same. 
For a braked, unyawed t i r e  t he  l a t e ra l  s l i p  ve loc i ty  is  zero and hence 
the resultant sl ip velocity V r , b  equals the slip velocity i n  the fore-and- 
a f t  d i rec t ion .  The simple  relatlonship 
vr, b = VgRs 
applies where V9 is the  vehicle ground speed and R, is the  braking s l i p  
ra t io .  
For an unbraked, yawed t i r e  t he  l a t e ra l  s l i p  ve loc i ty  i s  V t  s i n  $, 
where V t  is the  tire  circumferential  velocity and Q is the yaw angle. The 
s l ip  ve loc i ty  i n  the fore-and-aft direction for the yawed t i r e  is the difference 
V - V t  cos Q . For small yaw angles, V t  can be approximated by V9; t h u s ,  
t ze  la te ra l  s l ip  ve loc i ty  becomes Vg s i n  Q and the  fore-and-aft s l l p  veloc- 
i t y  becomes V (1 - cos $ ) .  Data collected during the course of the yaw t e s t s  
to  a id  i n  vali%ating the fore-and-aft portion of t h i s  approximation are  repro- 
duced i n  figure 1 8 .  T h i s  figure presents, as a function of  yaw angle, the 
equivalent fore-and-aft s l i p  r a t i o  as determined experimentally from the 
relationship 
No - NQ 
NO 
Equivalent  fore-and-aft R, = 
where No is the number  of revolutions of the unbraked and  unyawed t e s t  
wheel over a specified distance and NQ is the number  of revolutions of the 
unbraked, yawed t i r e  over the same distance. These faired data are compared 
w i t h  the curve described by (1 - cos $) which, for small angles, corresponds 
to  t h e  equivalent fore-and-aft s l i p  r a t io  fo r  t he  yaw t e s t s .  The figure sug- 
gests that the small-angle assumption is a good one. Thus,  the  resul tant  s l ip  
velocity Vr,$, which is the vectorial sum of the  l a t e ra l  and fore-and-aft 
s l i p  velocities, simply becomes 
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A comparison of equations (1) and ( 3 )  suggests that the tread characteristics 
of t ires operating i n  the two  modes can be  compared on the basis of s l i p  r a t i o  
where, i n  the yawed case, an equivalent  s l ip  ra t io  is computed for each yaw 
angle by the expression 
Equivalent resultant R, = {2( 1 - cos 9 )  
Figures 19, 20, and 21 compare the  t i re  wear ra te ,  f r ic t ion coeff ic ient ,  
and tread surface temperature, respectively, of the pure braking operational 
mode w i t h  those of the pure yawing operational mode.  The comparison is made 
on the basis of resu l tan t  s l ip  ra t io .  For the braking case i n  figure 1 9 ,  the 
faired tire-wear-rate curves of figure 8 for smooth asphalt are replotted. 
For the yawing case, the faired data of figure 1 5  are repeated w i t h  the yaw 
angle  converted to the equivalent sl ip ratio as defined by equation ( 4 ) .  The 
figure shows that  a t  the same equivalent  s l ip  ra t io ,  or a t  the  same resultant 
slip velocity, the tread wear i n  braking and cornering are similar w i t h  the 
exception of elastomer D. 
The fr ic t ion coeff ic ients  of figure 20 for the braking mode are repre- 
sented by the fairing of the smooth asphalt data of figure 9 .  Those for the 
unbraked yawing mode are the vector sum of the cornering and drag coefficients 
of figure 1 6  plotted as a function of the equivalent sl ip ratio.  The  maximum 
friction defined by the yawing mode at the highest test yaw angle, which cor- 
responds to  an equivalent  s l ip  ra t io  of 0.42, is shown i n  the figure to approach 
the maximum friction level defined by the braking mode.  The difference at  the 
low s l ip  r a t io s  is due perhaps to differences between the la teral  and fore-and- 
a f t  e l a s t i c  behavior of the  t i re .  Ai rcraf t  t i res  a re  s t i f fe r  i n  the fore-and- 
a f t  (braking)  direction  than i n  the la teral  direct ion.  Unpublished data on 
t i r e s  of similar size show fore-and-aft spring constants which typically double 
the lateral spring constants for the same loading conditions. The so f t e r  t i r e  
carcass would tend to reduce the relative slippage between the  t i re  and the 
pavement, t h u s  result ing i n  a lower f r ic t ion level .  T h i s  corresponding lower 
e f fec t ive  s l ip  ra t io  i n  yawing  compared w i t h  that  i n  braking may also explain 
the lower wear ra tes  of figure 1 9  and the lower tire-tread surface temperatures 
noted i n  figure 21. 
CONCLUSIONS 
An experimental investigation was conducted to evaluate the wear, f r i c t ion ,  
and temperature character is t ics  of a i rcraf t  t i re  t reads fabricated from differ-  
ent elastomers. Braking and cornering tests were performed on s ize  22 X 5.5, 
type V I 1  a i rcraf t  t i res  re t readed w i t h  currently employed  and experimental 
elastomers. The braking tests consisted of gearing the t ire to a driving wheel 
of a ground vehicle to provide operations at fixed slip ratios on dry surfaces 
of smooth  and coarse asphalt and concrete. The cornering tests involved freely 
rol l ing the t i re  a t  f ixed yaw angles of Oo to  24O on the dry smooth asphalt 
surface. The resul ts  of t h i s  investigation  suggest  the  following  conclusions: 
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1 .  Cumulative t i r e  wear (tread rubber removed) varies l inearly w i t h  d i s -  
t ance  t rave led  a t  a l l  s l ip  ra t ios  and yaw angles, and the wear ra te  (mass 
removed per unit distance) increases wi th  increasing slip ratio during braking 
and increasing yaw angle during cornering. Of the four tread elastomers inves- 
t igated,  100-percent natural rubber was t h e  l ea s t  wear res is tant  and t h e  state- 
of-the-art elastomer, comprised of a 75/25 polyblend of cis-polyisoprene and 
cis-polybutadiene, proved most res i s tan t  to  wear. A s  observed i n  ear l ie r  
tests, tread wear is highly influenced by the character of the runway surface. 
2. The magnitude of the  f r ic t ion coeff ic ient  developed during braking 
and  yawing is independent of the tread elastomer. The drag-force friction 
coefficients measured from the fixed-slip-ratio tests are i n  good agreement 
w i t h  those observed i n  other investigations i n  that  they are insensit ive to 
the character of the runway surface when dry. 
3. Tread surface temperature increases w i t h  increasing s l ip  ra t io  and 
increasing yaw angle and is independent of the elastomer. The temperatures 
generated during braking operations on concrete are less than those generated 
on asphalt. 
4 .  Tire  carcass  temperature  beneath  the  tread i n  the  shoulder  area 
never reached an equilibrium value over the short test lengths during either 
the braking or cornering operations. The ra te  of temperature  buildup d i d  
increase w i t h  increasing s l ip  ra t io  i n  the braking t e s t s  and is at t r ibuted to  
t i re  f lexing which  becomes  more pronounced as sl ip ratios are increased. Dur- 
ing free-rolling unyawed t e s t s  t h i s  temperature appears to  reach an equilibrium 
value a t  a ra te  dependent upon the tes t  speed and the temperature differential. 
An underinflated tire generates higher carcass temperatures due to the increased 
t i re  f lexure.  
5. A comparison of tire tread data obtained during the cornering tests 
w i t h  those from the braking t e s t s  on the basis of equivalent sl ip velocit ies 
suggests that the amount  of tread wear is comparable b u t  f r ic t ion  and surface 
temperatures are greater during braking operations. The difference is a t t r ib -  
uted to  the  t i r e  being sozter i n  the la teral  direct ion which  would tend to  
reduce the relative slippage between the  t i r e  and the pavement  and therefore 
provide a lower e f f ec t ive  s l i p  r a t io  i n  cornering. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
November 9 ,  1979 
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(a) Coarse a s p h a l t .  
(c) Concrete.  
F igure  1.- Close-up  photographs of test su r faces .  Sca le  in  inches  
(1 in .  = 2.54 cm). 
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Figure  2.- Ground test v e h i c l e .  
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Figure 3.- Wheel test fixture in  fixed-slip-ratio mode showing major components. 
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Figure  4.- Close-up of wheel test f i x t u r e  i n  yaw o p e r a t i o n a l  mode showing major components. 
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Figure 5.- Reproduction of typical oscillograph record showing instrumentation response during 
fixed-slipratio operations. Slip ratio = 0.137; concrete runway surface. 
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Figure 6.- Reproduction of typical oscillograph record showing  instrumentation  response  during yaw 
operations of freely  rolling tires. Yaw  angle = 16O; smooth  asphalt runway surface. 
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Figure 7 . -  Typical test r e s u l t s  from t i res  operat ing  
a t   f i xed   s l ip   ra t ios .   T ire   t reads   w i th   e las tomer  C 
on  smooth asphalt  runway surface .  
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Figure 8.- Variation of tire-wear rate  with  slip  ratio 
during fixed-slip-ratio operations  with test  tread 
elastomers  on  three runway  surfaces. 
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Figure 9.- Variation of drag-force  friction  coefficient 
with  slip  ratio  during  fixed-slip-ratio  operations 
with  test  tread  elastomers on  three  runway  surfaces. 
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Figure 10.- Effect of  runway surface on t ire-tread wear ra te  
and drag-force fr ic t ion coeff ic ient  developed during fixed- 
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Figure 11.- Maximum  approximate  tire-tread  surface  temperatures 
measured  during  fixed-slip-ratio  operations on test  surfaces. 
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Figure 12.- Effect of s l i p  r a t i o  on tire-carcass temperature buildup rate. Elastomer C 
on smooth asphalt runway surface. Numbers i n  symbols refer to pass sequence a t  
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(a) Test speed. 
, Figure 13.- Effect of several test parameters on carcass  temperature of freely rolling unyawed t i re .  
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Figure 13.- Continued. 
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Figure 14.- Typical results from f ree ly  ro l l ing  t i res  a t  severa l  
yaw angles. Elastomer C on smooth asphalt runway surface. 
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Figure 15.-  Variation of tire-wear rate w i t h  yaw angle for test tread elastomers on 
smooth asphalt runway surf  ace. 
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Figure 17.- Variation of maximum approximate tire-tread surface  temperature  with  yaw  angle on smooth 
asphalt runway surface. 
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Figure 19.- Effect of operating mode  on t i r e  wear on smooth asphalt runway surface. 
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Figure 20.- Effect of operating mode on t i re  f r ic t ion coeff ic ient  on  smooth 
asphalt runway surface. 
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